Introduction
============

Horizontal gene transfer (HGT) refers to the process by which an organism acquires genetic material from another organism without being the offspring of that organism. HGT occurs through three cellular mechanisms: transformation, conjugation, and transduction ([@bib55]). In transformation, a cell absorbs naked DNA directly from its environment. In conjugation, DNA is transferred from one cell to another by direct cell--cell contact or through a bridge-like connection. In transduction, virus mediates the transfer of DNA between cells. HGT allows acquisitions of foreign genes, a major mechanism for prokaryotic adaptation to their environments ([@bib30]; [@bib40]; [@bib26]; [@bib5]; [@bib19]; [@bib43]; [@bib16]; [@bib63]). Although the exact extent of HGT in prokaryotic evolution is debatable ([@bib14]; [@bib12]; [@bib28]), there is no doubt that it is widespread, frequent, and important ([@bib26]; [@bib37]; [@bib32]; [@bib9]; [@bib8]; [@bib51]; [@bib11]; [@bib45]; [@bib63]). However, what determines the probability with which a gene can be horizontally transferred, compared with other genes in the same genome, is not well understood. Extensive studies in the last 15 years resulted in two rules ([@bib47]; [@bib25]) that are widely although not universally ([@bib59]; [@bib41]; [@bib10]; [@bib20]) accepted. The first rule, derived from empirical observations, states that genes involved in information processing such as DNA replication, transcription, and translation are less transferable than genes involved in cellular operations such as metabolism ([@bib47]). Because this rule mainly concerns the distinction between two classes of protein functions, we will call it the protein function rule. The underlying mechanism of the first rule is described by the second rule, hereby referred to as the protein complexity rule ([@bib25]). This rule asserts that proteins with more protein interaction partners tend not to have proper functions after HGT and therefore exhibit lower rates of successful HGTs. Because the protein products of informational genes form large protein complexes (e.g., the ribosome) more often than those of operational genes ([@bib25]), the protein complexity rule provides a mechanistic basis for the protein function rule.

Although the above two rules offer some explanations of the variation in HGT rates among genes, it is unlikely that they are the only rate determinants. More importantly, it is unclear whether they are the primary rate determinants. Based on five considerations, we propose that gene expression level also impacts HGT rates and that highly expressed genes are less transferable than lowly expressed ones. First, expressing an unnecessary gene wastes energy and reduces fitness ([@bib13]; [@bib58]; [@bib52]). Acquisition of a highly expressed gene imposes a greater fitness cost to the recipient cell than that of a lowly expressed gene. Second, because different species prefer different synonymous codons ([@bib22]), a transferred gene may use codons that are unpreferred by the recipient. Because using unpreferred codons may increase translational errors ([@bib1]; [@bib53]; [@bib15]), which can cause cytotoxic protein misfolding ([@bib15]; [@bib18]), acquisition of a strongly expressed gene leads to more misfolded protein molecules and a lower fitness than that of a weakly expressed gene. In addition, even correctly translated proteins may occasionally misfold and cause harm, and the total harm from such events increases with the expression level of the gene ([@bib61]). Third, the expression of a foreign gene with a codon usage that is suboptimal in the recipient cell intensifies ribosomal sequestering that reduces the overall translational efficiency ([@bib46]) and the fitness of the recipient ([@bib27]), and this fitness reduction is amplified when the foreign gene is strongly expressed. Consistent with the second and third mechanisms, a recent experiment showed that expressing a gratuitous gene in *Escherichia coli* at a high level decreases cellular growth and that the reduction in growth is positively correlated with the fraction of unpreferred codons in the gene ([@bib27]). Consistent with the third mechanism, mismatches between the codon usage of a foreign gene and the corresponding tRNA concentrations of the recipient cell decreases the transferability of the gene ([@bib56]). Fourth, a protein may interact with other proteins that it should not normally interact with and such misinteractions can be deleterious ([@bib57]; [@bib60]). Compared with a lowly expressed transferred gene, a highly expressed transferred gene induces more misinteractions ([@bib60]) and is thus more deleterious to the recipient cell and less likely to be fixed. Fifth, acquisition of a foreign gene may also impact the recipient because of the specific function of the acquired gene. For instance, when the foreign gene is functionally similar to an endogenous gene, the HGT effectively raises the dose of the endogenous protein, which could be deleterious. The damage caused is expected to rise with the expression level of the foreign gene relative to the endogenous gene. Alternatively, when a foreign gene bestows a new function to the recipient, the new function could be deleterious to the recipient by disturbing the normal physiology. In such situations, the deleterious effect is expected to increase with the expression level of the transferred gene. Given these five considerations, we set out to test whether high gene expression indeed hinders HGT. Below, we first examine laboratory and natural HGTs to *E. coli* and then expand the analysis to HGTs to other prokaryotes. We show that gene expression level predicts HGT rates better than the two established rules. These findings also shed light on the population genetic forces dictating the fixation of HGTs.

Materials and Methods
=====================

Genome Sequences
----------------

We retrieved all publicly available prokaryotic genome sequences and associated annotations from the Integrated Microbial Genomes (IMG) system (<http://genome.jgi-psf.org/programs/bacteria-archaea/index.jsf>) ([@bib35]).

Horizontally Transferred Genes
------------------------------

We used three large data sets of HGTs. The first data set ([@bib51]) included genes that can and cannot be transformed into *E. coli* in laboratory. The second data set ([@bib33]) described genes that were naturally transferred into *E. coli* at different evolutionary times, inferred from the presence/absence of genes across species. The inference was based on the DELTRAN algorithm, with relative penalties of 2:1 for HGTs and gene losses ([@bib33]), as in a recent study ([@bib20]). We identified the likely donor species of each horizontally transferred gene in this data set by Blasting the gene with an *E* value cutoff of 10^−6^ in all 1,127 finished Bacteria and Archaea genomes in IMG that are outside the family *Enterobacteriaceae*, to which *E. coli* belongs ([fig. 2*A*](#fig2){ref-type="fig"}). The genome harboring the best basic local alignment search tool (Blast) hit is considered the donor of the transferred gene. Reciprocal Blast searches are unnecessary, because the best Blast hit of the identified donor gene in *E. coli* will be 1) either the original gene under investigation or 2) a paralog of the original gene under investigation. But, because the gene under investigation was identified by phylogenetic analysis to be horizontally transferred to *E. coli* rather than a recent paralog of another gene in *E. coli*, (2) is not possible. Thus, the only possibility is (1), which makes it unnecessary to Blast the *E. coli* genome using the identified donor gene as the query. Furthermore, errors in donor identification are expected to be random, which would weaken the true signal but not bias our result. The third data set included relatively recent HGTs identified from 171 recipient genomes by nucleotide composition-based Bayesian inference ([@bib37]). We discarded 38 of these genomes because of the lack of any annotation of ribosomal protein genes that are required for determining the preferred codons for codon adaptation index (CAI) estimation.

Genome-Wide Gene Expression Data
--------------------------------

We used published *E. coli* gene expression data from the log growth phase obtained from a high-density oligonucleotide tiling array experiment ([@bib7]). To download all publicly available microarray expression data from other prokaryotes, we used the Stanford Microarray Database ([@bib24]) that houses hundreds of expression data sets based on cDNA microarrays. Expression data from six species (*Bacillus subtilis*, ID: 66211; *Campylobacter jejuni*, ID: 28770; *Helicobacter pylori*, ID: 16576; *Mycobacterium tuberculosis*, ID: 14047; *Salmonella typhimurium*, ID: 23956; and *Vibrio cholerae*: ID 66211) were used in our analysis. We also used the NCBI Gene Expression Omnibus and downloaded the microarray data of *Dehalococcoides ethenogenes* (GSE 10185), *Geobacter sulfurreducens* (GSE 22511), *Listeria monocytogenes* (GSE 16336), and *Streptococcus agalactiae* (GSE 21564).

Synonymous Codon Usage Bias
---------------------------

To calculate the relative synonymous codon usage (RSCU) in a species ([@bib48]), we used ribosomal protein genes, which are generally among the most highly expressed genes in a genome ([@bib50]). Based on the RSCU values, the CAI was calculated for each gene in a genome ([@bib49]). Briefly, CAI of a gene is the geometric mean of RSCU of all codons divided by the highest possible geometric mean of RSCU given the same amino acid sequence.

Classification of Informational Genes and Operational Genes
-----------------------------------------------------------

Following an earlier study ([@bib25]), we regarded genes annotated with "transcription," "translation," "DNA replication," or any of their subterms in Gene Ontology ([@bib3]) as informational genes. All other genes were considered operational genes.

Protein--Protein Interactions
-----------------------------

The *E. coli* protein--protein interaction data were retrieved from a recent publication ([@bib23]), in which 5,993 nonredundant pairwise physical interactions among 1,757 proteins were identified by an affinity-based method and genomic context-based inferences.

Statistical Analysis
--------------------

We estimated the relative contributions of all predictors to the total variance in gene transferability by calculating the relative contribution of variability explained (RCVE) for each predictor using ${RCVE} = 1 - {R_{reduced}^{2}/R_{full}^{2}}$, where $R_{full}^{2}$ and $R_{reduced}^{2}$ are the *R*^2^ (square of the correlation coefficient) for the full linear model and the model without the predictor of interest, respectively ([@bib44]). To diagnose multicollinearity of each predictor, variance inflation factors (VIFs) ([@bib29]) were calculated. All predictors in the model used had VIFs below 2, suggesting that multicollinearity did not adversely affect our model. Linear multiple regression analysis was performed in the R statistical package.

Results
=======

Laboratory HGTs to *E. coli*
----------------------------

We test the impact of gene expression level on the rate of HGT by first using a data set of laboratory HGTs to *E. coli* that was compiled based on microbial genome sequencing ([@bib51]). Briefly, when sequencing a microbial genome, researchers typically randomly shear its genomic DNA, clone the DNA fragments into a plasmid, and transform the plasmid to *E. coli* for DNA amplification and shotgun sequencing. Genes that cannot be transferred to *E. coli* leave gaps in the assembled genome that are later filled by a clone-independent procedure. Thus, these gaps in shotgun assemblies can be used to infer genes nontransferable to *E. coli* via plasmid mediated transformation. Among the 79 donor genomes (246,045 genes in total) analyzed ([@bib51]), 14 genomes are amenable to statistical analysis because they each contain at least 30 so-called nontransferable genes. Of these 14 species, four have publicly available microarray-based genome-wide gene expression data (see Materials and Methods). In all four cases, expression levels are significantly higher for nontransferable genes than for transferable genes ([fig. 1*A*](#fig1){ref-type="fig"}). The median expression level of nontransferable genes is 1.6--5.3 times that of transferable genes ([fig. 1*A*](#fig1){ref-type="fig"}).

![Nontransferable genes have higher expressions than transferable genes in laboratory HGTs to *Escherichia coli*. (*A*) Median microarray expression levels of transferable and nontransferable genes in donor species. The numbers of genes used are indicated inside the bars. (*B*) Median CAIs of transferable and nontransferable genes in donor species. (*C*) Median CAIs of transferable and nontransferable genes in donor species when informational genes are separated from operational genes. (*D*) Median CAI percentile ranks of transferable and nontransferable genes from all 14 donor species. The CAI percentile rank of a gene is based on the rank of its CAI relative to those of all genes in the same donor genome. In all panels, error bars show 25% and 75% quartiles in the sample. All *P* values are from the Mann--Whitney *U* test. In (*B*) and (*C*), *\*P* \< 0.05, *\*\*P* \< 0.01, and *\*\*\*P* \< 0.001.](gbeevs030f01_ht){#fig1}

Within a genome, the codon adaptation index (CAI) ([@bib49]) of a gene is highly positively correlated with the expression level of the gene and can thus be used as a proxy for gene expression level. It has even been argued that CAIs reflect the relative expression levels in an organism\'s natural environment better than the actual expression levels measured in laboratory conditions ([@bib17]). We calculated the CAIs of all genes in each of the 14 donor species. The median CAI is higher for nontransferable genes than transferable genes in 12 of the 14 donors ([fig. 1*B*](#fig1){ref-type="fig"}), significantly more than the random expectation of 7 (*P* = 0.006, one-tail binomial test). Ten species show a significant difference in median CAI between transferable and nontransferable genes, all in the predicted direction ([fig. 1*B*](#fig1){ref-type="fig"}).

One caveat in the above analysis is that the CAI of a gene estimated based on the codon usage of its host species may not represent its true expression level if the gene was only recently acquired by the species via HGT because it takes time for the CAI of a gene to evolve and adapt to a new cellular environment. We thus repeated the above analysis after removing from the 14 species those genes that were identified in an earlier study ([@bib37]) to be recently acquired by HGT. However, the results remain qualitatively unchanged ([supplementary fig. S1](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs030/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs030/-/DC1) online).

To exclude the possibility that the above observation is a byproduct of the protein function rule, we separately analyzed informational genes and operational genes. Because of the reduction in sample size, the statistical power of the analysis is decreased. Yet, the general pattern of higher expressions or higher CAIs of nontransferable genes than transferable genes remains valid for both informational genes and operational genes ([fig. 1*C*](#fig1){ref-type="fig"}). For example, when only informational genes are considered, 13 of the 14 species show higher CAIs for nontransferable genes than transferable genes, significantly more than random expectation (*P* \< 0.001, one-tail binomial test). For operational genes, 11 species show this pattern (*P* \< 0.03). Two and five species show significant differences in CAIs between transferable and nontransferable genes among informational genes and operational genes, respectively, and all of these significant differences are in the predicted direction ([fig. 1*C*](#fig1){ref-type="fig"}). These results indicate that the impact of gene expression level on HGT rates is not a byproduct of the protein function rule. Because of the lack of protein interactome data for the 14 species, we cannot evaluate the impact of the protein complexity rule here. Nonetheless, the similarity between the protein function rule and complexity rule ([@bib25]) suggests that our results are unlikely caused by the confounding factor of the protein complexity rule.

Because of the relatively small number of nontransferable genes from each of the 14 species, we conducted a combined analysis of all 14 species. We first converted the CAIs of all genes in a genome to percentile ranks; the highest CAI has a percentile rank of 100 and the lowest has a percentile rank of 0. We then combined all the genes from the 14 species. We observed significantly higher CAI percentile ranks for nontransferable genes than transferable genes ([fig. 1*D*](#fig1){ref-type="fig"}), and this pattern is true for both informational genes and operational genes ([fig. 1*D*](#fig1){ref-type="fig"}).

Because the impact of expression level on the fixation of an HGT occurs after the gene is transferred to the recipient cell, one wonders whether the expression level measured in the donor species is relevant. We believe the answer is yes for both laboratory and natural HGTs. In the laboratory HGTs considered here, a gene is likely to be cloned into a plasmid together with its promoter and thus is likely controlled by its own promoter even in the recipient. For this reason, expression levels in the donor and recipient are expected to be positively correlated, although the transcriptional machinery (i.e., *trans*-factors) may differ between the donor and recipient. The same argument can be made for all three mechanisms of HGTs and thus applies to natural HGTs. The fact that some of the nontransferable genes become transferable when only the coding regions but not the promoters are transferred to *E. coli* ([@bib51]) supports our view.

Natural HGTs to *E. coli*
-------------------------

It is important to confirm in natural HGTs the patterns observed from laboratory HGTs because the laboratory HGTs were based on only one mechanism---plasmid mediated transformation, while natural HGTs occur by three mechanisms. In addition, laboratory conditions are different from the nature in many aspects, which may influence HGT rates. We thus analyze genes that have been naturally transferred to *E. coli* K12 since its divergence from Salmonella ∼100 Ma ([@bib4]). These genes, previously identified by a phylogenetic analysis of gene gains and losses ([@bib33]), are divided into four temporal groups according to the dates of the transfers ([fig. 2*A*](#fig2){ref-type="fig"}). We focused on these recently transferred genes because inferring recent HGTs is much more reliable than inferring ancient HGTs.

![Recently transferred genes to *Escherichia coli* have lower expressions than the resident genes in *E. coli*. (*A*) A phylogeny of *E. coli* K12 and related strains and species that was used to identify the HGTs ([@bib33]) analyzed here. Only those HGTs that occurred in branches 1--4 are considered recent HGTs to *E. coli* K12. All other genes in *E. coli* K12 are considered resident genes. The shaded clade is the family *Enterobacteriaceae* mentioned in Materials and Methods. (*B*) Microarray expression levels of horizontally acquired genes are lower than those of resident genes in *E. coli*. The numbers of genes analyzed are indicated inside bars. (*C*) Percentile ranks of microarray expression levels of horizontally acquired genes and resident genes in *E. coli*. Percentile ranks range from 0 for the gene with the lowest expression to 100 for the gene with the highest expression. (*D*) Percentile ranks of CAIs of horizontally acquired genes and resident genes in *E. coli*, calculated using the codon usage pattern of *E. coli*. Percentile ranks range from 0 for the gene with the lowest CAI to 100 for the gene with the highest CAI. (*E*) Percentile ranks of CAIs of transferred genes, calculated using the codon usage patterns of their respective likely donors. The percentile rank of a transferred gene ranges from 0 for the lowest CAI to 100 for the highest CAI in its donor genome. In (*B*--*E*), median values are presented, with the error bars indicating 25% and 75% quartiles. In (*B*), the *P* value is from the Mann--Whitney *U* test. In (*C--E*), *P* values show the probabilities that the median percentile ranks are lower than 50 (or higher than 50 for *P*\*), determined by bootstrapping the genes 10,000 times.](gbeevs030f02_ht){#fig2}

We first compared these recently acquired genes with the resident genes in the *E. coli* genome, which include genes that were acquired by *E. coli* before its divergence from Salmonella. If foreign genes have been continuously transferred into *E. coli* to replace its endogenous genes and different genes have different transferabilities, the recently transferred genes should be enriched with highly transferable genes. We thus assume that the recently transferred genes have higher HGT rates than the resident genes of *E. coli* as well as the rest of the genes in various potential donor species. Using *E. coli* microarray gene expression data ([@bib7]), we found the expression levels of the recently acquired genes to be significantly lower than those of resident genes, with a difference of ∼2-fold in median expression ([fig. 2*B*](#fig2){ref-type="fig"}). The same can be seen in the comparison of expression percentile ranks, after the expression levels are converted to percentile ranks ([fig. 2*C*](#fig2){ref-type="fig"}). For example, the recently acquired genes, either separated into four age groups or combined, have median expression percentile ranks significantly below 50, whereas the resident genes have a median percentile rank significantly above 50 ([fig. 2*C*](#fig2){ref-type="fig"}). Analysis of percentile ranks of CAIs calculated based on *E. coli* codon usage gives a similar result ([fig. 2*D*](#fig2){ref-type="fig"}), suggesting that CAI percentile ranks are good proxies of expression percentile ranks.

The difference in expression level between the recently acquired genes and the resident genes ([fig. 2*B*](#fig2){ref-type="fig"}) can have only two nonmutually exclusive explanations. The first explanation is our hypothesis that highly expressed genes are less transferable than lowly expressed genes. As a result, foreign genes that were recently acquired by *E. coli* tend to be lowly expressed. Second, it is also possible that all genes have reduced expressions when transferred into new hosts, compared with the expressions in their original hosts, because of potential mismatches between the promoters of the transferred genes and the transcriptional machinery (including *trans*-regulatory factors) of the recipient ([@bib33]) and/or host defense ([@bib39]; [@bib36]). If the expression difference between transferred and resident genes in [figure 2*B*](#fig2){ref-type="fig"} is entirely caused by the second reason, the transferred genes should not be biased toward low expressions in their original hosts. We identified the most likely donor species of each recent HGT to *E. coli* (see Materials and Methods) and then calculated the CAI percentile rank of the transferred gene among all genes in the donor by considering the codon usage in the donor. Clearly, the horizontally transferred genes have relatively low CAIs among all genes in their donors ([fig. 2*E*](#fig2){ref-type="fig"}). Thus, the expression difference observed in [figure 2*B*](#fig2){ref-type="fig"} must be caused, at least in part, by the first reason that high expression hampers HGT. Note that, for the horizontally transferred genes, their expression percentile ranks in the recipient ([fig. 2*C*](#fig2){ref-type="fig"}) appear lower than their CAI percentile ranks in the donor ([fig. 2*E*](#fig2){ref-type="fig"}), suggesting that the aforementioned second reason is likely at work too. Interestingly, the CAI percentile ranks of the horizontally acquired genes in the recipient ([fig. 2*D*](#fig2){ref-type="fig"}) are slightly closer than the corresponding expression ranks ([fig. 2*C*](#fig2){ref-type="fig"}) to the CAI percentile ranks in the donor ([fig. 2*E*](#fig2){ref-type="fig"}), suggesting that CAI percentile ranks in the recipient ([fig. 2*D*](#fig2){ref-type="fig"}) is at least as good a proxy as expression percentile ranks in the recipient ([fig. 2*C*](#fig2){ref-type="fig"}) for CAI percentile ranks in the donor ([fig. 2*E*](#fig2){ref-type="fig"}). This finding allows the use of CAI percentile ranks in the recipient as a proxy for those in the donor, which becomes necessary when the donor is unknown, as in the case of natural HGTs to other prokaryotes presented in a later section.

To compare the relative importance of the protein function rule, protein complexity rule, and gene expression level in determining the rate of natural HGTs to *E. coli*, we conducted several regression analyses. Assigning a transferability score of 1 to the recently acquired genes and 0 to the resident genes in the *E. coli* genome, we found, consistent to the result in [figure 2*B*](#fig2){ref-type="fig"}, a significantly negative correlation between transferability and expression level (Spearman\'s rank correlation *ρ* = −0.283, *P* = 0.0001; rank biserial correlation *r~rb~* = −0.499, *P* = 0.0001; [table 1](#tbl1){ref-type="table"}). Assigning a function score of 1 to informational genes and 0 to operational genes, we found no correlation between function and transferability (*ρ* = −0.001, *P* = 0.9976; Phi correlation φ = −0.001, *P* = 0.9999; [table 1](#tbl1){ref-type="table"}). Using systematically annotated *E. coli* protein interactions ([@bib23]), we found a significant negative correlation between the transferability of a gene and its number of protein interaction partners (*ρ* = −0.250, *P* = 0.0001; *r~rb~* = −0.432, *P* = 0.0001; [table 1](#tbl1){ref-type="table"}). It has been observed that genes acquired by HGT tend to have low frequencies of guanine (G) and cytosine (C) ([@bib54]; [@bib31]; [@bib38]). We thus considered the GC% of a gene as an additional factor potentially impacting HGT. Indeed, we found a significantly negative correlation between gene transferability and GC% (*ρ* = −0.147, *P* = 0.0001; *r~rb~* = −0.259, *P* = 0.0001; [table 1](#tbl1){ref-type="table"}). Note, however, that this correlation may be in part a byproduct of the correlation between expression level and transferability because highly expressed proteins tend to use metabolically cheap amino acids ([@bib2]), which are encoded by GC-rich codons ([@bib2]).

###### 

Relative Contributions of Protein Function (Informational vs. Operational), Complexity (Number of Protein Interaction Partners), GC%, and Expression Level on Gene Transferability in Natural HGTs to *Escherichia coli*

  Factors Considered                                           Rank Correlations with Gene Transferability[a](#tblfn1){ref-type="table-fn"}   Multiple Linear Regression[b](#tblfn2){ref-type="table-fn"}                             
  ------------------------------------------------------------ ------------------------------------------------------------------------------ ------------------------------------------------------------- -------- -------- ------- --------
  Expression level                                             −0.283 (−0.499)[f](#tblfn6){ref-type="table-fn"}                               0.0001 (0.0001)                                               −0.195   0.0001   0.337   0.0001
  Number of protein interactions                               −0.250 (−0.432)[f](#tblfn6){ref-type="table-fn"}                               0.0001 (0.0001)                                               −0.148   0.0001   0.191   0.0001
  Informational/operational[g](#tblfn7){ref-type="table-fn"}   −0.001 (−0.001)[h](#tblfn8){ref-type="table-fn"}                               0.9976 (0.9999)                                               0.014    0.5280   0.002   0.5281
  GC%                                                          −0.147 (−0.259)[f](#tblfn6){ref-type="table-fn"}                               0.0001 (0.0001)                                               −0.055   0.0120   0.026   0.0121
  Total[i](#tblfn9){ref-type="table-fn"}                                                                                                                                                                                      0.105   

Recently acquired genes by HGT have a score of 1, and resident genes have a score of 0.

The regression is transferability = *a*(expression level) + *b*(number of protein interaction partners) + *c*(informational/operational score) + *d*(GC%) + *e*.

Partial correlation between transferability and the focal factor, after the simultaneous controls of the other three factors.

Relative contribution of the focal factor to the total variance explained by the linear model. For details, see main text.

Probability that the null hypothesis of no contribution of the factor to transferability is correct.

Rank--Biserial correlation coefficient.

Informational genes have a score of 1, and operational genes have a score of 0.

Phi correlation coefficient.

Variance of gene transferability explained by the linear model.

After the controls of protein function, complexity, and GC%, the partial rank correlation between gene expression and transferability remains significant (*ρ* = −0.195, *P* = 0.0001; [table 1](#tbl1){ref-type="table"}), indicating that expression level affects gene transferability independent of the other three factors. Among the four factors examined here, expression level has the strongest correlation with transferability ([table 1](#tbl1){ref-type="table"}).

Because several factors studied above might be interrelated, we also conducted a multiple regression analysis to assess the relative contributions of the four factors in explaining the total variability in transferability among genes. This multiple regression model explains ∼10% of the total variance in gene transferability and all predictors except protein function remain significant after the Bonferroni correction for multiple tests ([table 1](#tbl1){ref-type="table"}). Gene expression level is the best predictor, explaining at least ∼34% of the variance explained by the model ([table 1](#tbl1){ref-type="table"}).

Natural HGTs to Other Prokaryotes
---------------------------------

To confirm that the patterns observed in laboratory and natural HGTs to *E. coli* are not unique to *E. coli*, we examined HGTs to many other prokaryotes. We analyzed 133 prokaryotic genomes, where recently acquired genes were previously identified based on abnormal nucleotide compositions ([@bib37]). We found the horizontally acquired genes to have a median CAI percentile rank significantly below 50 in 127 species and insignificantly below 50 in three species ([fig. 3*A*](#fig3){ref-type="fig"}). Although the median CAI percentile rank of horizontally transferred genes exceeds 50 in the remaining three species, none exceeds 50 significantly ([fig. 3*A*](#fig3){ref-type="fig"}). An important caveat is that the low CAIs of the transferred genes observed here may be an artifact due to HGT identification by abnormal nucleotide compositions. To exclude this possibility, we reanalyzed it using gene expression data. Eight of the 133 species have publicly available microarray expression data (see Materials and Methods). In all eight species, expression levels of horizontally acquired genes are lower than those of resident genes, and the difference is significant in six of the eight species ([fig. 3*B*](#fig3){ref-type="fig"}). Because the 133 species examined here include a diverse set of eubacteria and archaebacteria ([fig. 3*A*](#fig3){ref-type="fig"}) and because the CAI-based and microarray-based analyses are largely concordant ([fig. 3](#fig3){ref-type="fig"}), we conclude that the phenomenon of lower HGT rates for more highly expressed genes is general among prokaryotes. While the list of horizontally transferred genes used here ([@bib37]) may contain some errors due to the non--phylogeny-based identification, we note that such errors are expected to be random and to only blur the distinction between resident genes and horizontally acquired genes, which makes our results more conservative.

![Recently horizontally acquired genes have lower expressions than resident genes in most recipient species. (*A*) Median CAI percentile ranks of horizontally acquired genes in 133 recipient species examined. The percentile rank of a horizontally acquired gene relative to all other genes in the recipient genome ranges from 0 for the lowest CAI to 100 for the highest CAI. All are significantly different from 50, except those indicated with "\#." Statistical significance was determined by bootstrapping the genes 10,000 times. Class names are indicated, with the numbers of genomes examined shown in parentheses. N.D.\*: not defined by taxonomic classes. Underlined class names indicate archaebacteria, while the rest belong to eubacteria. Information about the individual genomes analyzed here is provided in [supplementary table S1](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs030/-/DC1) ([Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs030/-/DC1) online). (*B*) Median expression levels of horizontally acquired genes (light gray) and resident genes (dark gray) in recipient species with publicly available microarray gene expression data. Error bars show 25% and 75% quartiles. The microarray data of the eight species came from different sources and the gene expression levels of different species are not comparable. *P* values are from the Mann--Whitney *U* test. Arrows connect the same genomes in the two panels.](gbeevs030f03_ht){#fig3}

Discussion
==========

Examining laboratory and natural HGTs to *E. coli* and natural HGTs to many other prokaryotes, we showed that high expression hinders HGT. Furthermore, we found gene expression level to be a more important determinant of gene transferability than three known factors: protein function (i.e., informational vs. operational), protein complexity (i.e., number of protein interaction partners), and GC%. We proposed that high expression hampers HGT because the fitness cost of an HGT to the recipient arising from 1) energy expenditure in transcription and translation, 2) cytotoxic protein misfolding, 3) reduction in cellular translational efficiency, 4) detrimental protein misinteraction, and 5) disturbance of the optimal protein concentration or cell physiology all increases with the expression level of the transferred gene. Which of the five mechanisms plays the most important role in reducing the HGT rates of highly expressed genes? This question is difficult to address at this time for three reasons. First, key parameters in several of the above mechanisms, such as the probability of protein misinteraction, are difficult to estimate accurately ([@bib60]). Second, a suitable HGT data set with large numbers of both transferable and nontransferable genes to the same recipient species is required. Third, an ideal HGT data set should contain genes with quantitatively different transferabilities to a recipient so that the quantitative impact of a factor can be detected. For example, the laboratory HGT data contain only absolutely nontransferable genes, which are lethal or almost lethal to the recipient when transferred. Such data do not allow the test of factors that have quantitative rather than qualitative effects. This is also why Sorek and colleagues inferred from these data that the barrier to HGT is the toxicity of the transferred gene to the recipient ([@bib51]), which belongs to our fifth mechanism. While Sorek et al.\'s finding that reducing the expression levels of a few toxic genes increases their transferability to *E. coli* supports our hypothesis about the impact of expression level on HGT, our hypothesis goes well beyond the mechanism of cytotoxicity and the small number of toxic genes. In theory, our hypothesis applies to all genes in a genome and all prokaryotes, as has been demonstrated here in natural HGTs to *E. coli* and more than 100 other prokaryotes.

In yeast, deleting a highly expressed gene affects the fitness more than deleting a lowly expressed gene ([@bib62]). The same may be expected in gene acquisition. That is, acquisition of a highly expressed gene is expected to have a greater fitness effect than that of a lowly expressed gene. If most gene acquisitions by HGT are beneficial, strongly expressed genes would confer higher benefits and be more transferable. The observation that it is weakly expressed genes that are more transferable suggests that most HGTs are not beneficial. In other words, most HGTs are fixed not because their benefits to the recipients are high, but because their costs are negligibly low. In an analogy, HGT is like moving a family to a new neighborhood. Lowly expressed genes, like quiet families, disturb their new neighborhood less and are therefore more likely to be accepted.

Although an HGT may be neutral or slightly deleterious to the recipient and gets fixed by genetic drift, the transferred gene must be useful to the recipient for it to be stably retained in the recipient\'s genome during evolution. When the transferred gene is functionally equivalent to an endogenous gene in the recipient, the endogenous gene may by chance pseudogenize, permitting the stable retention of the transferred gene. Alternatively, when the transferred gene brings in a new function that is initially useless or even deleterious to the recipient, the new function may become beneficial when the environment or the genetic background is altered. These processes explain how a horizontally acquired gene, even with a nearly neutral origin via HGT, can later become indispensable to the recipient and/or facilitate its adaptation.

A gene can evolve in three broad aspects: its product function, its expression level and pattern, and its genomic environment. HGT is a common mechanism for gene evolution in the last-named aspect. Compared with lowly expressed genes, highly expressed genes are known to be slower in coding sequence evolution ([@bib42]) and expression-profile evolution ([@bib34]). The present study showed that highly expressed genes are also slower in HGT. Thus, high expression constrains gene evolution in all three broad aspects. It would be interesting to examine whether the mechanisms of the impact of expression level on these three aspects of gene evolution are similar or distinct ([@bib15]; [@bib6]; [@bib21]; [@bib61]; [@bib60]).
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[Supplementary figure S1 and table S1](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs030/-/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).
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